Intrauterine growth curves are the standard for assessing the growth of preterm infants 1 and are widely used in the NICU setting. Intrauterine curves, which are based on crosssectional birth data, differ from longitudinal postnatal curves [2] [3] [4] [5] [6] in that these illustrate "ideal" or fetal growth versus actual growth of preterm infants over time, respectively. Newer intrauterine growth curves [7] [8] [9] [10] [11] [12] [13] [14] have been published to improve on earlier curves, 3, [15] [16] [17] [18] by using more current, larger, and more diverse samples of infants; however, these more recent curves still have limitations, such as the lack of length-and head circumferencefor-age curves to accompany the weightfor-age curves, 7, 8, 10, 12, 14 different samples for growth measurements (eg, different sample of infants for weightfor-age than length-for-age), 9 and/or the curves are based on samples of infants from outside the United States. 9, 11 The goals for this study were to develop a new set of growth curves for the assessment of weight, length, and head circumference of preterm infants in the NICU setting using a contemporary, large, racially diverse US sample; validate these curves; and compare them with 1 of the older but still commonly used growth curves in NICUs, the Lubchenco curves. 15, 16 
METHODS
This study used a deidentified, crosssectional sample of birth data from Pediatrix Medical Group, Inc (data collection details previously summarized 19 ). The sample included 391 681 insured and uninsured infants aged 22 to 42 weeks at birth born in 1 of 248 hospitals within 33 US states (1998 -2006) . Available data included birth weight (measured on electronic scale to nearest gram), length and head circumference (using measuring tape to nearest millimeter), estimated gestational age (GA; by neonatologist best estimate using obstetric history, obstetric examinations, prenatal ultrasound, and postnatal physical examinations; in completed weeks) gender, and race (using maternal race).
Infants were excluded for missing weight, length, or head circumference (HC); unknown gender; and factors with a known or suspected negative impact on intrauterine growth (eg, multiple births, congenital anomalies, mortality before discharge). These data were divided into male and female because of differences in birth size found in the current sample 20 as well as in a previous study of Pediatrix data 19 and other data sets. 11, 12, 16 Infants with physiologically improbable growth measurements ("extreme outliers") were excluded from the gender-specific samples. As in previous growth studies, 21, 22 extreme outliers were defined as values Ͼ2 times the interquartile range (25th to 75th percentiles) below the first quartile and above the third quartile for each GA. 23 For each gender, these data were randomly divided into 2 subsamples: the "curve samples" were used to create the curves, and the "validation samples" were used to validate the resultant curves. SAS SURVEYSELECT procedure was used to create stratified random samples; gender-specific stratification was by GA, race, and state in which the birth hospital was located.
Curve Creation
Gender-specific weight-, length-, and HC-for-age intrauterine curves were created in this study. LmsChartMaker Pro 2.3 24 was used to create smoothed percentile curves for the 3rd, 10th, 25th, 50th, 75th, 90th, and 97th percentiles from these raw data. Cole's Lambda Mu Sigma (LMS) method estimates 3 age-specific parameters: a Box-Cox power transformation of skewness (L), median (M), and coefficient of variation (S) that correspond to the relationships in the following formulas: z ϭ [(X/M) L Ϫ 1]/LS, where X is the measured value of weight (in kg), length, or HC; and Centile ϭ M(1 ϩ LSZ) 1/L , where Z is the z score that corresponds to a given percentile. The curves were developed so that the resulting z scores follow a normal distribution and then were smoothed and converted to percentiles for clinical use.
Several techniques were used to assess goodness of fit for each curve. Worm plots 25 were used for visual inspection of the fit of the smoothed curves, and the "best" version was confirmed by visual inspection of the empirical percentiles (on the basis of these raw data) superimposed on the smoothed curves. Z scores were calculated for each infant in the curve samples by using the aforementioned calculations and grouped by GA. Because standard percentile curves such as ours are based on a normal distribution of z scores, the overall mean and SD for the calculated z scores for the sample should be 0.0 Ϯ 1.0. Inspection of the calculated z score distributions by GA was used to determine whether the curves fit these data well at all GAs.
Curve Validation
The new growth curves were validated by using gender-specific validation samples. For each growth measure, z scores, SDs, and confidence intervals (CIs) for all validation infants were calculated using the LMS parameters from the new growth curves for each GA. Means and CIs were compared with 0, and SDs were compared with 1 (using an adjusted ␣ of .003 for 19 comparisons within each gender).
The new curves were further evaluated by examining the percentage of infants whose growth measurements fell within the size-for-age categories routinely used in NICUs. By definition, ϳ10% of a population should be 3500   4000   4500   23  25  27  29  31  33  35  37  39 
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FIGURE 1
New gender-specific intrauterine growth curves for girls' weight for age (A), girls' length and HC for age (B), boys' weight for age (C), and boys' length and HC for age (D). Of note, 3rd and 97th percentiles on all curves for 23 weeks should be interpreted cautiously given the small sample size; for boys' HC curve at 24 weeks, all percentiles should be interpreted cautiously because the distribution of data is skewed left. Adapted from Groveman. 20 Ͻ10th percentile (small for GA [SGA] ), ϳ80% between the 10th and 90th percentiles (appropriate-for-GA [AGA]), and ϳ10% Ͼ90th percentile (largefor-GA [LGA]).
Comparison of Lubchenco Curves With New Curves and Validation Data Set
The new curves were also compared with the Lubchenco curves 15, 16 because these are commonly used in NICUs and met the following a priori criteria: included curves for weight-, length-, and HC-for-age, which were created from the same sample; and the curves were based on US data. The validation infants (as a whole and stratified by GA and GA groups 23-26 weeks, 27-31 weeks, 32-36 weeks, and 37-41 weeks) were classified as SGA or LGA by using the Lubchenco curves. The amount of misclassification was summarized, and a likelihood ratio 2 was calculated to assess statistical significance of differences with a Bonferroni adjusted ␣.
Statistical Analysis
The worm plots were generated by using S-PLUS 8.0, and SAS 9.1 was used for all other statistics.
RESULTS
From the 391 681 infants, exclusions were made for missing growth data (n ϭ 31 319; 8% of total sample), unknown gender (n ϭ 215; 0.05%), factors that negatively affect growth (n ϭ 95 962; 24.5%), and physiologically improbable growth measurements (1.6% of total sample: n ϭ 3578 or 0.9% boys; n ϭ 2752 or 0.7% girls). The final sample included 257 855 infants (57.2% male) with a race distribution of 50.6% white, 15.7% black, 24.4% Hispanic, and 9.3% other, similar to US birth data available from National Vital Statistics System 2005 (55.1% white, 14.1% black, 23.8% Hispanic, and 7.0% other). The "curve samples" included 74 390 boys and 55 721 girls, and the "validation sam- Mean  SD  3rd  10th  25th  50th  75th  90th  97th   Weight, g  23  133  587  80  NA a  477  528  584  639  687  NA a  24  438  649  89  464  524  585  651  715  772  828  25  603  738  121  511  584  657  737  816  885  953  26  773  822  143  558  645  732  827  921  1004  1085  27  966  934  168  615  719  822  936  1047  1147  1244  28  1187 1058  203  686  807  928  1061  1193  1310  1425  29  1254 1199  226  778  915  1052  1204  1354  1489  1621  30  1606 1376  246  902  1052  1204  1373  1542  1693  1842  31  2044 1548  271  1033  1196  1361  1546  1731  1897 ples" included 73 175 boys and 54 569 girls. 20 The curve and validation samples had similar racial, GA, and state distributions.
Curve Creation and Presentation
Final weight-, length-, and HC-for-age curves for girls and boys are presented in Fig 1. 20 These curves met the selection criteria described already, and the resulting z score distributions for each GA were 0.0 Ϯ 1.0 (mean Ϯ SD).
Data from all GAs were used in the development of the curves; however, there were a small number of infants in the 22-week group (n Ͻ 20), and the 42-week group did not seem to represent healthy 42-week infants given the drop in their average size compared with those at 41 weeks. Although these data from the 22-and 42-week infants provided information about the shape of the overall curve, inspection of the curves compared with the empirical distributions did not show a good fit; therefore, the final curves were truncated to describe infants 23 to 41 weeks' GA.
Descriptive statistics (mean, SD, and 3rd to 97th percentiles) for the new curves are presented in Tables 1 and 2 . New definitions for SGA (Ͻ10th percentile for age) and LGA (Ͼ90th percentile for age) are included in these tables and illustrated by the curves. The LMS parameters for the curves are presented in Table 3 .
Curve Validation
The newly created growth curves were validated on separate samples. Gender-specific group (all ages combined) z score means and CIs were calculated for all 3 measures (weight, length, and HC) and at each GA. As expected for a normal curve, the combined group means and medians were essentially 0 (Յ0.01), all SDs were within 0.01 of 1.00, skewness was es- Mean  SD  3rd  10th  25th  50th  75th  90th  97th   Weight, g  23  153  622  74  NA a  509  563  621  677  727  NA a  24  451  689  96  497  561  623  690  756  813  869  25  722  777  116  550  626  700  780  857  926  992  26  881  888  145  613  704  794  890  983  1065  1145  27  1030 1001  170  680  789  895  1009  1120  1218  1312  28  1281 1138  203  758  884  1007  1141  1271  1385  1496  29  1505 1277  218  845  988  1128  1280  1429  1560  1688  30  1992 1435  261  955  1114  1272  1443  1612  1761  1906  31  2460 1633  275  1093  1267  1441  1631  1818  1984 sentially 0, and the z scores exhibited a Gaussian distribution.
Similar results were observed when these data were stratified by GA for which all but 1 of the means were Ͻ0.1 away from 0. Figure 2 shows an example of this, illustrating that all CIs include 0. In addition, the age-specific z scores had means and medians within Յ0.02 of each other, and each had a skewness of Յ0.009. Weight z scores were always normally distributed, and length and HC z scores were approximately normally distributed. The only exception was that HC z scores for infants Ͻ26 weeks approached a normal distribution except for 24-week boys, which showed a slight skew with a mean of 0.02, a median of 0.22, and skewness of 0.24. Figure 3 shows the gender-specific percentile distributions in the validation samples by using the curve LMS values, illustrating a normal distribution for each measure within each gender, and percentiles within expected ranges. These indicate that the curves are a good fit to the validation samples and would be expected to show a similar good fit to the population from which the samples were drawn.
The percentage of the validation sample classified as SGA or LGA for the group overall (ϳ10% SGA and ϳ10%
LGA), for individual GAs (ϳ10% for each), and for GA groups was determined. For GA groups, boys and girls were combined when calculating CIs for the percentage of SGA/LGA as a result of small sample size at the younger GAs. In all cases, the CIs and percentages were consistent with ϳ10%, as would be expected if the curves were correctly classifying infants. Figure 4 shows an example of 1 of these analyses for GA groups.
Comparison of Lubchenco Curves With New Curves and Validation Data Set
The new gender-specific curves were plotted with the unisex Lubchenco curves (gender-specific US curves not available) for comparison. Figure  5 presents the weight-for-age curves as an example of these comparisons. Generally, the new curves had lower average weights, lengths, and HC at younger GAs than the Lubchenco curves until 30 to 36 weeks; the new curves had higher average growth measurements at older GAs. When the validation samples were categorized as SGA/AGA/LGA by using the Lubchenco curves, we found a statistically significant difference for each GA, GA group, and the group as a whole (all P Ͻ .0001). Table 4 presents the overall comparisons (boys and girls combined). Overall, the percentage of SGA infants was underestimated by the Lubchenco curves except for younger girls (approximately Յ36 weeks), for whom it was more likely to be overesti- Adapted from Groveman. 20 The LMS method estimates 3 age-specific parameters: a Box-Cox power transformation of skewness (L), median (M), and coefficient of variation (S).
mated. The percentage of LGA infants was consistently underestimated at younger ages (Յ36 weeks) and overestimated at older ages (Ͼ36 weeks). In fact, for the younger GAs (24 -26 weeks), none of the infants in the validation or curve samples (n ϭ 7399) were categorized as LGA for weight, indicating substantial lack of fit with the Lubchenco curves.
DISCUSSION
We developed a new set of weight-, length-, and HC-for-age intrauterine growth curves for the assessment of preterm infants in NICUs. The advantages of these curves are the inclusion of the 3 routine NICU growth measurements (weight, length, and HC) on the same infants at birth; a contemporary, large, racially diverse US sample that is racially similar to national birth statistics; and validation on separate gender-specific subsamples to confirm that these new curves are accurate. The misclassification of SGA and
LGA infants in the validation samples by using the Lubchenco curve definitions supports the need for updated and gender-specific growth curves. These new intrauterine growth curves offer an updated set of curves that should be generalizable to infants in US NICUs.
Of the available intrauterine growth curves that include weight-, length-, and HC for age 9, [15] [16] [17] 26 , the Lubchenco curves offer advantages of a reasonable sample size (Ͼ5000 infants), the same sample of infants for all 3 curves; small grid increments (ie, weekly for GA; every 200 g of weight; every 1 cm of length/HC); percentiles (versus SDs from mean) for ease of interpretation; and a measure of body proportionality. 27 These advantages help to explain why the Lubchenco curves are still used in NICUs today and why we chose them to compare with our new curves. These curves are used at birth for the assessment of intrauterine growth to identify infants who are large or small for their age and allow for the comparison of postnatal growth with that of the gold standard, fetal growth. 1 Our exclusions resulted in a sample of healthy, singleton infants to create standard-type growth curves that represent an estimate of optimal growth. 28 Concerns have been published [29] [30] [31] [32] regarding intrauterine-type 
FIGURE 2
Birth weight mean z scores and 99.7% CIs (using an adjusted ␣ of .003 for 19 comparisons) by GA in female validation sample (n ϭ 54 352).
FIGURE 3
Comparison of expected to actual birth size percentiles on the basis of new curves for female validation sample (n ϭ 54 352; A) and male validation sample (n ϭ 72 845; B). For a standard normal curve, expected values (f) are 3%, 7%, 15%, 25%, 25%, 15%, 7%, and 3%, respectively.
curves that are based on crosssectional birth data, in particular of preterm infants. Cross-sectional birth data do not represent growth over time; however, these do represent intrauterine growth of fetuses up to the time of birth, which is the American Academy of Pediatrics's recommended goal for preterm infants. 1 Preterm infants at birth are smaller in size than fetuses of the same GA, 16, 33, 34 and error in GA dating is a widely known concern because of the questions that it brings to the accuracy of the size/age relationships represented in growth curves 31, 35, 36 ; however, the use of ultrasound data for estimating size and GA dates has been associated with error, 9,37,38 it is not a direct measurement of fetal size, 9,32 and it is not feasible in a large study of infants. Despite the limitations, cross-sectional birth data from infants of varying ages remain the generally accepted best sources for creating growth curves for the assessment of infant size at birth and postnatally. 30, 35, 39 Similar to previous studies, we found that birth size differs by gender. Lubchenco et al 16 noted small but significant differences in weight between boys and girls 38 to 41 weeks. Thomas et al 19 found that girls on average were 95 g lighter, were 0.6 cm shorter, and had 0.6 cm smaller HC. The average differences in our study were comparable to those of the study by Thomas et al 19 (96 g, 0.7 cm, and 0.6 cm, respectively); all were statistically different by age group, and most were considered clinically different enough (Ն48 g weight, Ն0.5 cm length/HC) to justify separate curves.
SGA and LGA are commonly used to define high-risk groups of infants who receive extra attention in the NICU. SGA infants are at risk for adverse outcomes such as growth 40, 41 and neurodevelopmental delays, 42 and LGA infants are at risk for early hypoglycemia 43 and later metabolic syndrome. 44 The misclassification that we found by using the old Lubchenco unisex curves may lead to many SGA infants not receiving the care that they need because they are misclassified as AGA, younger LGA in- Gestational age group and percentile
FIGURE 4
Percentages and 98.75% CIs (using an adjusted ␣ of .0125 for 4 GA groups) for the amount of SGA (Ͻ10th percentile weight-for-age) and LGA (Ͼ90th percentile weight-for-age) infants in the validation samples (boys and girls combined, n ϭ 127 197 New weight-for-age gender-specific curves (solid line) for girls (A) and boys (B) compared with Lubchenco unisex curves (dashed line; start at 24 weeks 16 ). Adapted from Groveman. 20 fants may be overlooked because they are misclassified as AGA, and older infants may be mistargeted for extra NICU attention because they are misclassified as LGA. This could lead to misdirection of NICU resources and suboptimal outcomes in NICU infants. Research is needed to validate our new definitions of SGA and LGA with short-term and longterm health outcomes.
The differences found between our new curves and the Lubchenco curves may be explained in part by differences in the infants who were from 1998 to 2006 versus from 1948 to 1963, respectively. Given advancements in prenatal care that extend high-risk pregnancies, some of the infants who were born at very preterm ages in the new curves may be more likely to have experienced extended periods of growth restriction than the young infants in the older curves; this could help to explain in part why the new curves are shifted down at this end of the age spectrum. Higher maternal body weight and pregnancy weight gain in recent years 45, 46 may help to explain why the new curves are shifted up in the older GAs.
Our data also illustrate that the Lubchenco weight curve may not accurately reflect the current US population at GAs Ͻ27 weeks. More than 16 000 infants who were Ͻ27 weeks were in the Pediatrix sample (before our exclusions), and only 87 of these were classified as LGA by Lubchenco (all of whom were removed as extreme outliers, consistent with previous curves 21, 22 ). It was extremely unlikely to have so few infants considered LGA in our sample if the Lubchenco curve were correct at these ages. The Lubchenco weight curve was based on an extremely small number of 24-to 26-week infants (n ϭ 24, 27, and 68, respectively). Lubchenco's 90th percentile was defined by only two 24-week infants, three 25-week infants, and seven 26-week infants. Removing any 1 of these infants would have changed the curves dramatically. Thus, we propose that our curves may provide a more accurate representation of infant size than the Lubchenco curves.
One limitation of these curves was that the sample included NICU admissions only. As a result, our sample may not represent all infants, especially those at older GAs; however, our sample was made up of all NICU admissions to a large number of NICUs from around the United States and was racially similar to recent US birth data, and the size of our term infants were similar to those in the 2000 Centers for Disease Control and Prevention's growth charts. 47 
CONCLUSIONS
The new gender-specific intrauterine growth curves created and validated in this study using a contemporary, large, racially diverse US sample provide clinicians with an updated tool for the assessment of growth status of preterm infants in US NICUs. Research into the ability of our new definitions of SGA and LGA to identify high-risk infants in terms of short-term and long-term health outcomes is needed. 
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